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Abstract Integration of molecular genetic techniques and
geometric morphometrics represent a valuable tool in the
resolution of taxonomic uncertainty and the identification
of significant units for conservation. We combined mito-
chondrial DNA cytochrome c¢ oxidase subunit II gene
sequence data and geometric morphometric analysis to
examine taxonomic status and identify units for conserva-
tion in four species of the hypogean beetle Duvalius
(Coleoptera, Trechinae) using mainly museum specimens
collected in central Italy. Previous taxonomic studies based
on morphological traits described several subspecies often
inhabiting geographically distinct caves. Phylogenetic
analysis identified two well supported monophyletic lin-
eages and a number of different clades with relatively small
genetic differences, suggesting a short divergence time in
line with known geological history of the study area.
Geometric morphometrics, on the other hand, recovered a
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high level of distinctiveness among specimens. Both
genetic and morphometric analyses did not entirely cor-
roborate former taxonomic nomenclature, suggesting pos-
sible rearrangements and the definition of evolutionary
significant units. Beetles of the genus Duvalius are pro-
tected by regional laws and the majority of taxa considered
in this study inhabit caves located outside protected areas.
Our study advocates the importance of devoting protection
efforts to networks of cave ecosystems rather than single
locations or species.

Keywords Molecular systematics - Mitochondrial DNA -
Geometric morphometrics - Evolutionary significant units -
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Introduction

Taxonomic distinction and assessment of units for con-
servation rely on different diagnostic concepts including
ecological and reproductive isolation, common ancestor,
evolutionary history, genotypic and morphological clus-
tering and differential adaptation with enhanced fitness
components (de Queiroz 2007; Petit and Excoffier 2009;
Hausdorf 2011). Morphological traits often undergo strong
selection due to environmental pressures or reproductive
mechanisms and may not entirely reflect the evolutionary
history of species. Nevertheless, taxonomy has been tra-
ditionally based on morphological characters. In the last
decades, molecular markers provided an additional set of
characters to recognize species and address phylogenetic
relationships (Vogler and Monaghan 2007; Sperling and
Roe 2009). Critics of taxonomy based either on molecular or
morphological features were raised and integrative approa-
ches were eventually promoted for objective resolution of
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questions (Schlick-Steiner et al. 2010; Padial et al. 2010).
However, the use of both genetic and morphological char-
acters may lead to contrasting results, so that careful
examination of evolutionary processes explaining such
divergence is often necessary (see Schlick-Steiner et al.
2010 for a review).

Discrepancy between genetic and morphological data is
relatively common in cave organisms. A number of studies
have described the occurrence of low levels of genetic
divergence among relatively young but morphologically
distinct species (e.g. Leys et al. 2003; Juan et al. 2010 and
references therein). In hypogean environments, in fact,
physical traits may depend on sets of genes influenced by
micro- and macro-environmental factors. This may allow
for morphological plasticity to shape adaptive characters in
a relatively short time (Allegrucci et al. 1992; Caccone and
Sbordoni 2001). On the other hand, strong selection for
traits linked to hypogean life may create instances of
morphological convergence among taxa showing high
genetic divergence (Faille et al. 2010; Juan and Emerson
2010). In both cases it may be difficult to recognize the
evolutionary histories of allopatric populations living in
different caves. However, populations showing distinctive
traits encompass important contributions to biodiversity
and should be considered as significant units for conser-
vation (Fraser and Bernatchez 2001; Moritz 2002).

In this study, we applied an integrative approach on the
hypogean Coleopteran genus Duvalius. In this group
adaptation to hypogean life is expected to significantly
affect both genetics and morphology of species and pop-
ulations. Members of this genus are known from Medi-
terranean area to northwestern China. They live mainly in
caves and in the superficial hypogean compartment (MSS,
Milieu Souterrain Superficiel) (Giachino and Vailati 2010),
where micro-environmental factors are expected to pro-
duce strong selective pressure. As a result, taxonomists
have identified, on the basis of morphological characters, a
plethora of species and subspecies often characterized by
very limited distributions. The description of new species
and their phylogenetic relationships have been so far based
upon subjective evaluation of morphological characters
and male copulatory apparatus (Jeannel 1928). Since many
of these morphological characters show minor differences,
the taxonomy of this group has been subject to different
interpretations, especially at the sub-specific level. Studies
on this genus based on molecular analysis have not been
conducted yet, mainly because of difficulties in finding live
specimens. Most Duvalius species are in fact extremely
localized and are known from secluded, hard to reach
caves.

We combined geometric morphometrics of external
characters and molecular analysis of mitochondrial DNA
cytochrome c oxidase subunit II (COII) gene to investigate
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the current taxonomy of a number of key species of the
genus Duvalius in central Italy and assess the presence of
significant units for conservation. We used museum spec-
imens to minimize logistical and conservation problems
(e.g. Crandall et al. 2009). Results from our study may be
useful to evaluate whether current status of a subset of
caves included in protected areas and sites of community
importance under the European Commission Habitat
Directive is effective in preserving intra- and interspecific
biodiversity or alternative measures should be considered
for the protection of cave organism diversity.

Methods
Study group

The genus Duvalius includes more than 300 species
(Moravec et al. 2003) and shows morphological adapta-
tions to subterranean habitats, including elongation of
appendages, absence of wings, depigmentation, eye
degeneration and development of specific sensory organs
(Vandel 1964). In Italy, Duvalius is represented by
approximately 80 species distributed from the Alps to
Sardinia and Sicily (Magrini 1997, 1998). The Tuscan-
Aemilian area comprises 11 species and 24 subspecies,
most of which are protected under regional laws (Tuscany
Regional Law n. 56/2000 and Emilia-Romagna Regional
Law n. 15/2006) due to their endemic or limited distribu-
tion. According to Magrini (1997), Tuscan species are
divided into six groups. Our study focused on the species-
richest andreinii group, which shows a relatively high
taxonomic uncertainty. This group includes four species
with several subspecies: Duvalius andreinii (Gestro, 1907),
D. minozzii (Dodero, 1917), D. jureceki (Dodero, 1917)
and D. apuanus (Dodero, 1917). Duvalius andreinii, D.
Jjureceki and D. apuanus are endemic to Tuscany, while D.
minozzii is distributed in Tuscany and Emilia-Romagna.
Some of these taxa were originally assigned to other genera
and subgenera. The majority of the subspecies now
assigned to Duvalius minozzii were considered distinct
species, and three of the four subspecies now assigned to
Duvalius apuanus were originally described as belonging
to D. jureceki (Magrini 1997).

Sampling

Specimens were collected in 20 caves and one superficial
hypogean site in Tuscany and Emilia-Romagna, Italy
(Fig. 1; Table 1 and Online Resource 1 Table S1) and
stored dried at the Natural History Museum of the Uni-
versity of Florence and in private collections. A total of
108 specimens were used for morphometric examination.
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Table 1 Duvalius taxa included in this study

Species % of samples Subspecies % of samples Sampling sites Number of % of samples
correctly correctly samples correctly
assigned to assigned assigned
their species to their to sampling

subspecies sites

D. apuanus  86.7 apuanus 87.5 1. Abisso Olivifer 2 -

2. Grotta del Fontanaccio 4 100
3. Antro della Paura 6 83.3
4. Grotta di Focchia Bassa 5 20
5. Buca sotto Martignana 3 0
6. Buca di Mocesi 6 16.7
lanzai 100 7. Buca delle Fate di Coreglia Antelminelli 7 100
intermedius 50 8. Buca delle Fate di San Martino in Freddana 4 50
rasettii 70 9. Buca delle Fate di Compignano 4 50
10. Buca Tana di Maggiano 6 50
D. jureceki  92.3 Jureceki 85.7 11. Buca delle Fate di Alpe Piana 7 85.7
maginianus  66.7 12. Buca dei Massi Neri 6 66.7
13. Passo Sambuca 2 -
D. minozzii  91.2 minozzii 100 14. Grotta di Santa Maria Maddalena di Vallestra 4 100
aspettatii 66.7 15. Grotta delle Fate di Lago Pratignano 6 66.7
mugellii 66.7 16. Grotta Bologno 6 66.7
magrinii 66.6 17. Buca di Nadia 6 333
18. Tecchia di Calabbiana 6 333
bernii 66.7 19. Buca della Ghiandaia 6 66.7
D. andreinii 75 75 20. Tana di Magnano 6 83.3
21. Tana del Pollone di Magnano 6 50

For each sampling site, the number of samples included in morphometrics analysis and the percentages of samples correctly assigned to their
species, subspecies and sampling sites by full cross validation discriminant analysis are reported

Of these, 102 samples were collected from 1942 to 1990
using mostly pitfall traps. Six samples were collected in
2008 and 2009 and preserved in 96 % ethanol. We used
only males in order to avoid biases due to sexual dimor-
phism. Molecular analyses were performed on the six
recently collected individuals and on other 20 samples,
representative of all subspecies and sampling sites. Speci-
mens from Liguria, northwestern Italy, belonging to Du-
valius doriai doriai (Fairmaire, 1859) and D. canevai
(Gestro, 1885) and Trechus quadristriatus (Schrank, 1781),
also belonging to the subfamily Trechinae, were included
as outgroups. Phylogenetic trees were rooted using
T. quadristriatus, which is part of a clade different from
Duvalius (Faille et al. 2010).

DNA extraction, amplification and sequencing

DNA was extracted from whole individuals after abdomen
excision. Recently collected specimens were incubated
overnight in 600 pl of lysis buffer (100 mM Tris—HCI,
5 mM EDTA, 100 mM NaCl, 0.5 % SDS, pH 8.0) with
10 pl of proteinase K (20 mg/ml) at 37 °C. DNA was then

obtained using standard phenol-chloroform methods
(Sambrook and Russell 2001). Museum specimens were
processed using protocols similar to, but not as stringent as
methods used for ancient DNA (Wandeler et al. 2007).
Cross-contamination among archival specimens and
between new and archival specimens was reduced by car-
rying out DNA extraction and amplification in separated
rooms. Instruments, reagents and solutions were sterilized
and dedicated to museum samples. Archival samples can
be subject to different levels of DNA degradation
depending on age of specimens and storage conditions
(Zimmermann et al. 2008) and solutions used in pitfall
traps can damage DNA (Stoeckle et al. 2010). Since silica-
based methods have proven most effective in DNA
extraction from museum specimens (Hajibabaei et al.
2005), we used the NucleoSpin Tissue XS kit (Machery-
Nagel, Diiren, Germany) following the manufacturer’s
protocol. Two independent extractions were performed for
each specimen along with a separate reaction using lysis
buffer as negative control. All DNA extractions were
stored in TE buffer (10 mM Tris—HCI, 1 mM EDTA, pH
7.6) at —80 °C.
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The mitochondrial cytochrome ¢ oxidase subunit IT (COII)
gene of six recently collected specimens was amplified and
sequenced using the light-strand primer TrCOIIL3056
(5-TATGGCAGAATAGTGTAATG-3’) and the heavy-
strand primer TrCOIIH3927 (5-TTATTGGGGCTATTTG
TGGAA-3') designed specifically for this project on the
leucine tRNA and ATP synthase 8 genes, respectively.
Primer numbers refer to the 3’ base of the published
Trachypachus holmbergi Mannerheim, 1853 mitochondrial
genome sequence (Sheffield et al. 2008). Polymerase chain
reaction (PCR) amplification was conducted in a total
volume of 25 pl with 15-100 ng of total DNA, 1x PCR
buffer, 1.5 mM MgCl,, 100 uM of each dNTP, 0.5 pM of
each primer and 1 unit of Tag DNA polymerase (Invitro-
gen). Thermal profiles consisted of an initial denaturation
step of 5 min at 94 °C, followed by 35 cycles of 30 s at
94 °C, 30 s at 48 °C and 90 s at 72 °C, with a final exten-
sion step of 10 min at 72 °C. PCR products (911 bp) were
cycle-sequenced using BigDye Terminator v3.1 chemistry
(Applied Biosystems) according to the manufacturer’s
protocol. Cycle sequencing reactions were resolved on an
Applied Biosystems 3100 DNA analyzer and raw sequence
chromatographs from both strands were edited and aligned
using CodonCode Aligner 3.0.1 (CodonCode Corporation).
The resulting consensus sequence consisted of a total of 684
nucleotides corresponding to the complete Duvalius COII
gene sequence (Genbank accession numbers: JX486748-
JX486751).

Mitochondrial gene sequences of archival samples are
generally difficult to obtain because of DNA sharing. Short
amplicons can be therefore produced that cover the entire
sequence of interest (Van Houdt et al. 2010). Partial COIL
sequences of archival specimens of Duvalius were obtained
using a set of species-specific internal primers designed to
amplify three short overlapping fragments (Table 2).
Polymerase chain reactions were done in a 25 pl reaction
volume containing 3 pl of extracted DNA, 1x Restorase
buffer, 200 uM of each dNTP, 0.5 puM of each primer and
1.25 units of Restorase DNA Polymerase (Sigma-Aldrich),
a blend of high quality Tag DNA polymerase and a DNA
repair enzyme which has proved effective in the amplifi-
cation of damaged DNA (Hajibabaei et al. 2005). PCR mix
was incubated for 15 min at 37 °C and then for 5 min at

72 °C. Primers were then added to the mix prior to
amplification. PCR cycles consisted of an initial denatur-
ation step of 2 min at 94 °C, followed by 40 cycles of 30 s
at 94 °C, 30 s at 50 °C and 60 s at 72 °C, with a final
extension step of 5 min at 72 °C. Two independent PCR
amplifications were performed for each DNA extraction.
Both strands of PCR products were sequenced and
assembled to generate a 504 bp partial COII sequence for
each museum specimens (Genbank accession numbers:
JX486736-1X486747). A partial COII sequence was also
obtained for the outgroup species T. quadristriatus (Gen-
bank accession number: JX486752).

Genetic diversity and phylogenetic analysis

Mitochondrial DNA diversity was estimated by alignment
of the partial 504 bp COII sequence for both recent and
museum specimens. No evidence of pseudogenes was
detected. Light and heavy strands always provided a per-
fect match and consensus sequences were checked for
insertions, deletions and stop codons that would result in a
non-functional protein. Sequences were checked for devi-
ation from neutrality using the Tajima’s D implemented in
ARLEQUIN 3.5 (Excoffier and Lischer 2010). Best fit of
molecular evolution model to our data was assessed using
JMODELTEST (Posada 2008) under the Bayesian Infor-
mation Criterion. Likelihood values were calculated for 88
models using a maximum likelihood optimization of tree
topology implemented in Phyml (Guindon and Gascuel
2003). The model of sequence evolution that best fit our
data was the Hasegawa, Kishino and Yano (HKY) model
(Hasegawa et al. 1985), which assumes a time-reversible
process, a non-uniform distribution of nucleotides and
different rates for transitions and transversions.

Overall mean maximum likelihood (ML) distances
among specimens were calculated using MEGA 5 (Tamura
et al. 2011). Phylogenetic relationships were inferred by
Bayesian inference using Metropolis-coupled Markov chain
Monte Carlo implemented in MRBAYES 3.1.2 (Ronquist
and Huelsenbeck 2003). Approximation of the posterior
probabilities of trees was performed by two independent runs
starting with default prior values, initial random trees and
three heated and one cold Markov chains that ran for 10°

Table 2 Internal primers designed for PCR amplification of three partial mtDNA COII sequences of Duvalius museum specimens

Light strand primer Sequence (5'-3')

Heavy strand

Sequence (5'-3") PCR product

primer size (bp)
DuvCOIIL3279 TCGATATCTTCTTGAAGGACAAAC  DuvCOIIH3400 CATAACTTCAGTATCATTGATGACCA 170
DuvCOIIL3405 CAATTACATTAAAATCAATTGGTCA DuvCOIIH3611 CCTGGGGTAGCATCAATTTT 250
DuvCOIIL3585 ACTGCAATAGATGTTTTACATTC DuvCOIIH3794 CCAGAACTTGCTTTCAGTCATC 250

PCR products were then aligned to generate a final 504 bp partial COII sequence. Primer numbers refer to the 3’ base position of the published T.

holmbergi mitochondrial genome sequence (Sheffield et al. 2008)
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generations sampled every 1,000 generations. Stationarity of
the analysis was determined by examining the standard
deviation of split frequencies between the two simultaneous
runs and the potential scale reduction factor (Ronquist and
Deans 2010). The first 25 % of trees were discarded as burn-
in so that trees were used for analysis only after the chain
became stable. The remaining trees were used to construct a
50 %-majority rule consensus tree. Consensus trees with
branch lengths and posterior clade probabilities were edited
using TREEVIEW (Page 1996).

Geometric morphometrics

Morphometric analyses were conducted on external charac-
ters. Inspection of male copulatory apparatus, a character used
for identification of several Coleoptera species, was not con-
sidered because in the andreinii group the aedeagus mor-
phology is not very informative and the copulatory lamella
can show high levels of deformation due to weak sclerotiza-
tion (Magrini 1997). Specimens were placed perpendicular to
a Nikon D2XS camera with a 60 mm F 2.8 lens and paired
with a mm scale bar. Images were taken of the dorsal side of
the right antennae, head, pronotum and elytrae. For each
antenna, we identified 43 landmarks (Fig. 2). For the head,
pronotum and elytrae, landmarks were located on homolo-
gous and well identifiable anatomical structures (Bookstein
1997). We identified sliding semi-landmarks as points not
located on clear homologous structure, and allowed to slide
along the outline (Bookstein 1997). For the dorsal side of the
head, pronotum and elytrae we identified a total of 22, 32 and
34 landmarks and semilandmarks, respectively (Fig. 2).
Digital data were processed using TPSDIG 2.16 and definition
of sliders was conducted using TPSUTIL 1.46.

We used MORPHOJ 1.02j (Klingenberg 2011) to
remove the effect of asymmetry by creating medium
symmetric dispositions with respect to the sagittal axis.
Generalized Procrustes Analysis (GPA) was applied sepa-
rately to the landmarks of the antenna, head, pronotum and
elytrae in order to remove non-shape variation in location,
scale and orientation and to superimpose the objects in a
common coordinate system (Bookstein 1997). Partial
warps were calculated using GPA shape residuals. Relative
warps (PCs) were obtained by principal component anal-
ysis of partial warps and visualized by thin-plate spline
(TPS) deformation grids, which allows for comparison of
shape differences. GPA, calculation of partial and relative
warps and TPS visualization were conducted using TPS-
RELW 1.49. We also considered centroid size for each
character (Bookstein 1991) in order to evaluate the
importance of overall dimensions. TPS program series can
be downloaded at “http://life.bio.sunysb.edu/morph/”.

We applied a full cross validation discriminant analysis
to assign each specimen to sampling sites on the basis of

morphological traits. Discriminant analysis is biased when
number of predictors is much higher than cases. Thus, we
included only the four centroid sizes and the first 10 PCs for
each character together showing a cumulative variance
higher than 90 %. We did not consider populations with two
samples since full cross validation analysis may give unre-
liable results for groups of only two individuals (Hair et al.
2009). Although full cross validation discriminant analysis is
considered a conservative approach, this method is not suited
to recover the overall variation because ordination along
discriminant functions does not represent a large part of the
shape variation among specimens (Mitteroecker and Book-
stein 2011). We therefore performed a Partial Least Squares
Discriminant Analysis (PLSDA) to identify specific PCs and
centroid sizes that could account for differences among
populations using the mixOmics R package. PLSDA com-
ponents are built to find a proper compromise between
describing the set of explanatory variables (PCs and centroid
size) and predicting the response variables (sampling site
membership). Unlike discriminant analysis, PLSDA is not
affected by high numbers of variable and allows inclusion of
all PCs and centroid sizes in the analysis.

Results
Mitochondrial DNA sequence diversity

A total of 14 mtDNA COII haplotypes, characterized by 24
polymorphic sites (4.76 % of sequence length) were found
for 26 Duvalius specimens. The highest level of diversity
was found at the third codon position (58.3 % of total
variation). A relatively high transition-to-transversion (Ti/
Tv) ratio was observed, a substitution pattern characteristic
of mitochondrial, not nuclear genes. The average Ti/Tv
ratio was 3.4, a high frequency of transitions suggesting a
pattern of nucleotide substitution not yet saturated. As
expected in coleopteran mtDNA, particularly for the sub-
order Adephaga (Simon et al. 1994; Sheffield et al. 2008),
we recorded a high A + T content and a very low C and G
content in the third codon position (Table 3). The pattern

Table 3 Nucleotide diversity at 504 bp of mtDNA COII gene
sequence in Duvalius

P % of nucleotide composition A+T
A T C G
Total 24 379 40.3 11.2 10.6 78.2

1st codon 8 40.7 28.4 134 17.5 69.1
2nd codon 2 28.6 39.3 18.4 13.7 67.9
3rd codon 14 44.5 53.3 1.6 0.6 97.8

P number of variable sites
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Table 4 Mean maximum likelihood distances and standard errors for partial mtDNA COII gene sequences between Duvalius species

D. apuanus D. jureceki D. minozzii D. andreinii
D. apuanus 0.004 £ 0.002
D. jureceki 0.007 £ 0.003 0.001 £ 0.001
D. minozzii 0.029 £ 0.009 0.029 £ 0.009 0.005 % 0.002
D. andreinii 0.031 £+ 0.009 0.033 £+ 0.010 0.008 £ 0.003 0.002 £ 0.002

Intraspecific distance values are reported on the diagonal in bold

of amino acid substitution showed a low level of variation
(3.6 %).

No mtDNA sequence diversity was found among indi-
viduals sampled in the same locality. Maximum likelihood
(ML) mean distance among all specimens considered in
this study was low (0.017 & 0.005 SE). A relatively
higher intraspecific mean ML distance was recorded for
D. apuanus and D. minozzii, which included the highest
number of subspecies analyzed. Interspecific pairwise ML
mean distances were low between D. apuanus and
D. jureceki and between D. minozzii and D. andreinii,
while higher values were recorded for all other compari-
sons (Table 4). No genetic difference was found at the
subspecies level between D. apuanus lanzai from cave 7 and
D. a. apuanus collected in cave 1, 2 and 3, and between
D. minozzii aspettatii from cave 15 and D. m. magrinii from
cave 17 and 18.

Phylogenetic analyses

Stationarity of the Bayesian analysis was confirmed by two
convergence diagnostic parameters, the value of the stan-
dard deviation of split frequencies between two simulta-
neous runs (0.0076) and the potential scale reduction
factor, which approached a value of 1. The topology of the
Bayesian tree revealed two well supported monophyletic
lineages. The first lineage included all subspecies of
D. apuanus and D. jureceki, while D. andreinii and all
subspecies of D. minozzii were part of a second lineage
(Fig. 3). Within the first lineage, three clades could be
distinguished. The first and second clades were supported
with posterior probability values of 65 and 78 % respec-
tively, while the third one was strongly supported with
97 % posterior probability. The first clade was represented
by samples of D. apuanus apuanus from the Apuan Alps
and Pizzorne mountains, and one sample of D. a. lanzai
from the Apennines. The second clade included samples of
D. a. apuanus from the Apuan Alps, and D. a. intermedius
and D. a. rasettii from the southern Apuan Alps and Lucca
mountains, respectively. The third clade comprised the two
subspecies of D. jureceki from the Apennines. The second
lineage showed two distinct monophyletic clades. The first
one included specimens of D. andreinii from the north-
western Apennines and the second clade described two
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D. minozzi subspecies from the Apennines and an Apen-
nine cave close to the Emilia-Romagna plains. D. minozzii
was paraphyletic with respect to D. andreinii, and D. mi-
nozzi bernii was basal to the other taxa.

Geometric morphometrics analysis

We obtained 82, 40, 60 and 64 relative warps from the
analyses of the antennae, head, pronotum and elytrae,
respectively. The full cross validation discriminant analysis
correctly attributed 60.6 % of specimens to their sampling
site against a mean probability of correct assignment by
chance of 5.3 % (1/19; 21 sampling sites minus two sites
with less than three specimens). In particular, specimens
from localities 2, 7 and 14 were perfectly assigned to their
sampling site and a further 63 specimens from 11 localities
were assigned to their sampling locations with percentages
ranging from 50 to 85.7 % (Table 1; Fig. 4). Percentage of
correct assignment increased significantly when assign-
ments to named subspecies (50-100 %) and species
(75-92.3 %) were used as grouping variables (Table 1).
This result was supported by PLSDA. Specimens from
all 21 sampling sites showed a good level of clustering
when the first four components were combined. The first
PLSDA component was highly correlated to the centroids
of all morphological characters and to the PC3 of antennae.
The second component was mostly correlated to the PC1 of
the head. Both components 1 and 2 were correlated to the
PC2 of elytrae and PC1 of pronotum (Fig. 5). Specimens of
D. apuanus showed a high level of variability in compo-
nents 1 and 2, while D. jureceki showed less variation.
Specimens of D. minozzii were highly distinct by reduced
size and less elongated antennae, while D. andreinii had
intermediate component 1 and 2 values between D. apu-
anus and D. minozzii. D. apuanus e D. jureceki were
characterized by larger size and by more elongated
antennae. Such characteristics were particularly evident in
D. apuanus lanzai (no.7 in Fig. 5), which revealed high
divergence in both components 1 and 2, while D. apuanus
apuanus from sites 1 and 2 had an opposite trend. Elytrae
PC2 and pronotum PC1 were correlated with both com-
ponent 1 and 2 and were linked to the position of the
anterior discal elytral setae and elongation of pronotum. In
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particular, D. minozzii and D. jureceki were fully differ-
entiated by both PLSDA components, indicating that D.
Jjureceki had setae in a more distal position and a larger
shape in the rear part of the pronotum than D. minozzii
(Fig. 5). The third component of PLSDA was mainly
correlated to the pronotum PC3 (Online Resource 1 Fig.
S1), representing a change in width and a different form of
its basal part. D. minozzii bernii (no. 19 in Online Resource
1 Fig. S1) showed a large pronotum with a narrow basal
part, while specimens of D. apuanus apuanus from sites 2
and 6 had a longer and narrower pronotum with a larger
basal section. Specimens of D. apuanus and D. andreinii
showed a high and low level of variability, respectively.
Most populations of D. jureceki, D. minozzii and D. apu-
anus were well differentiated by component 3. Both
components 3 and 4 were correlated to the PC3 of elytrae.
The PC2 (Fig. 5) and PC3 (Online Resource 1 Fig. S1) of
the elytrae represented different positions of anterior discal
elytral setae with respect to lateral setae and to the anterior
margin of the elytrae.

Discussion

In this study, we used an integrated approach to define
levels of divergence among cave-dwelling coleopterans of
the genus Duvalius from central Italy and recovered a
number of discrepancies between genetic and geometric
morphometrics data and former taxonomic assessments.
We worked mainly on museum and private natural history
collections which proved to be crucial resource when
studying rare and hard to collect specimens (Wandeler
et al. 2007; Crandall et al. 2009). Phylogenetic analysis of
mitochondrial DNA COII gene recovered two monophy-
letic lineages and a number of different clades. Genetic
differences among clusters were weak, suggesting a rela-
tively short divergence time. This could mirror the geo-
logical events that led to the formation of the Apuan Alps
and the Tuscan-Aemilian Apennines. The Apuan Alps
were formed between the Middle and Upper Miocene with
karstic phenomena dating back approximately 2 My ago,
while the Apennine area had an even more recent devel-
opment during the Plio-Pleistocene (Piccini 2002; Bartolini
2003). Geometric morphometrics, on the other hand,
recovered a high level of distinctiveness among specimens
collected in different locations. Both genetic and morpho-
metric results did not entirely corroborate the current tax-
onomic nomenclature but suggested the definition of
evolutionary significant units as a result of rapid micro-
evolutionary events which often occur in hypogean envi-
ronments (Caccone and Sbordoni 2001).

Phylogenetic analysis defined a first, well supported
monophyletic lineage including specimens of D. apuanus

and D. jureceki, and a second monophyletic clade com-
prising samples of D. andreini and D. minozzii. Mean ML
distance between D. apuanus and D. jureceki was rela-
tively low and similar to divergence values recorded
among the most closely related species of Trechinae (e.g.
Faille et al. 2010). Similarities between D. apuanus and
D. jureceki were defined by former taxonomists on a
morphological basis (Magrini 1997) and some subspecies
currently assigned to D. apuanus were originally described
as subspecies of D. jureceki. However, the strong mono-
phyly of D. jureceki suggests that this taxon should be
considered as a separate species. Moreover, all known
specimens of D. jureceki are characterized by the lack of
the second discal elytral seta, occurring in all other Italian
Duvalius. On the other hand, different clades of D. apuanus
had low topology support and showed minor intraspecific
genetic distances. In the second monophyletic lineage,
D. minozzii was paraphyletic and shared a common
ancestor with D. andreinii, which could be therefore clas-
sified as conspecific to D. minozzii. Moreover, D. minozzi
bernii showed strong genetic divergence, higher than val-
ues recorded between D. apuanus and D. jureceki. Genetic
distinction and peripheral geographic location of D. mi-
nozzi bernii suggested a possible assignment to a separate
species. Our genetic analysis was limited to a relatively
small sample size due to inherent difficulties in finding live
specimens of rare and protected Duvalius taxa and to
known issues associated to DNA extraction and amplifi-
cation from archival samples. However, we provided evi-
dence for low mtDNA sequence variation among caves
(individuals from the same cave always showed no hap-
lotype variation) and between caves. Although a larger
sample size would be desirable, these results suggest that
for some hypogean taxa even a small number of individuals
may be fairly representative of the haplotypic diversity of
single cave populations. Low number of samples has been
used in other studies of the subfamily Trechinae due to the
rarity of these hypogean species (e.g. Caccone and Sbor-
doni 2001; Faille et al. 2010).

Morphometric analysis showed a strong pattern of dif-
ferentiation among specimens from different sampling sites
and corroborated results of mtDNA analysis but in a few
cases, which made morphometric data relatively similar to
former taxonomy. In particular, D. apuanus showed the
highest variability in morphological traits among sampling
locations. Despite genetic data revealed no significant
differences between D. apuanus lanzai and the other
named subspecies of the same clade, this population was
clearly morphologically differentiated. This result also
mirrored the separation of D. apuanus lanzai on the left
side of the Serchio river (Fig. 1). Samples of D. a. rasettii,
D. a. intermedius, D. minozzii aspettatii and D. m. magrinii
were also differentiated by morphometric analysis although
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Fig. 1 Map of sampling
locations in Tuscany and
Emilia-Romagna, central Italy.
Numbers show locations of 20
caves and one superficial
hypogean sampling site (circled
number). Symbols represent four
Duvalius species: D. apuanus
(bullets), D. jureceki (black
triangles), D. minozzii (open
triangles), D. andreinii
(circles). Sampling locations of
Duvalius subspecies are
reported in Table 1

A
14

Emilia-Romagna ®

A@'

A 4
120019,
/7@8
A
19
River Serchio Tuscany

(a)
()

(d)

Fig. 2 Schematic representation of fixed landmarks (bullets) and sliding semi-landmarks (circles) used for geometric morphometric analyses of

antennae (a), head (b), pronotum (c) and elytrae (d) of Duvalius

no clear divergence was recovered by genetic data. Dis-
crepancy between mtDNA and morphological data may
be due to hypogean selective pressure on nuclear
gene complexes affecting adaptive physical characters
rather than energetic pathways. Several studies have, in
fact, described low levels of mtDNA genetic divergence in
morphologically distinct cave taxa (see Juan et al. 2010
and references therein). On the other hand, D. andreinii
revealed intermediate morphological characteristics between
D. apuanus and D. minozzii and showed the lowest mor-
phological distinction with 25 % erroneous assignment.
This pattern was supported by phylogenetic analysis and
questioned the former definition of D. andreinii as a sep-
arate species. Conformity between morphometric, genetic
and geographic data were also found for D. minozzi berni.

@ Springer

Integration of genetic and morphometric analysis par-
tially substantiated former classification of taxa of the an-
dreinii group. Although reproductive isolation is difficult to
assess in strictly vicariant populations, our results may
allow for taxonomic revision in light of an unified species
concept (de Queiroz 2007). Subspecific taxa may be sus-
tained when they represent allopatric, phenotypically dis-
tinct groups with diagnosable genetic characters, some of
which lacking reciprocal monophyly (Braby et al. 2012).
The definition of such operational taxonomic units, repre-
sentatives of intraspecific biological diversity, as an
objective approach for prioritizing protection at the intra-
specific level, may be of great importance to the conser-
vation of cave organisms (Ryder 1986; Moritz 2002).
Genetic evidence of evolutionary significant units is often
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Trechus quadristriatus
D.apuanus apuanus 2
D.apuanus apuanus 3

65 D.apuanus apuanus 1

D.apuanus lanzai 7

D.apuanus apuanus 6
9 D.apuanus apuanus 4

100 D.apuanus apuanus 5

9
97
D.apuanus intermedius 8
78 D.apuanus rasettii 10
D.apuanus rasettii 9

D.jureceki jureceki 11

97 D.jureceki maginianus 12

70 98 L D jureceki maginianus 13

100 D.andreinii 20

D.andreinii 21

I~ D.minozzii aspettatii 15

65 N D.minozzii magrinii 18

- D.minozzii magrinii 17
D.minozzii minozzii 14
.
95 D.minozzii mugellii 16

D.minozzii bernii 19

D.doriai doriai

D.canevai

|
0.01
(expected changes per site)

Fig. 3 Bayesian 50 % majority rule consensus tree based on mtDNA
COIl gene sequences comparison. Node supports inferred from
Bayesian posterior probability are shown above recovered branches.
Numbers to the right of taxa refer to sampling locations in Fig. 1 and
Table 1

based on either non coding DNA sequences or genes
involved in general metabolic pathways that may not be
subject to rapid selection under local micro-habitat pres-
sure, so that ecological, morphological and demographic
traits are also considered as crucial for biodiversity con-
servation (Crandall et al. 2000; Fraser and Bernatchez
2001). From this perspective, morphometrics retains an
important role in the study of speciation and biodiversity
and can evolve rapidly in ecosystems with rather strong
selective pressures (e.g. Caccone and Sbordoni 2001 and
references therein). Subterranean species of Coleoptera,
particularly in Trechinae and Cholevidae, can show similar
morphological and physiological modifications which can
be interpreted as convergent adaptations to specific hypo-
gean environment (Caccone and Sbordoni 2001; Faille
et al. 2010). Several characters that distinguished speci-
mens from different sampling locations, like the overall
elongation of body structures (e.g. antennae), are among
the main features used to diagnose different adaptations to
subterranean life (Culver et al. 1990). Our study provided
an example of species particularly adapted to cave life with
respect to some morphological characters rather than other
traits. For instance, D. jureceki had long antennae and head
but short pronotum, D. minozzi presented elongated head
but short antennae while D. apuanus encompassed most of
the variation found for the other species. A combination of
such morphological features distinguished most specimens
from different sampling sites, suggesting micro-adaptation
to single cave habitats and/or strong drift effect caused by
isolation.

Integration of genetic and morphometric data support
D. apuanus, D. jureceki and D. minozzii as distinct species,
while D. andreinii may be considered as conspecific to
D. minozzii. From a conservation perspective, the northwestern

Fig. 4 Percentage of specimens 2 [ 3 [ 4] s 6 | 7 [ 8] o [1o[ 1 1214151617 [ 18] 19]2 ]2
assigned to their sampling sites Pl [ 100
by full cross validation 3 8 16.7
discriminant analysis. Gl | 20 || 20 || 20 || 2V 20)
. . 5 66 333
Specimens belonging to the
. 6 167 | 833 | 167 16.7 16.7
same subspecies are clustered - =
by thlt.tk lines. .Num.bers. refer to s o e e
sampling locations in Fig. 1 and 9 > | 25
Table 1 10 16.7 333
11 8 14.3
12 16.7 | 16.7
14 &
15 Snal 167 16.7
16 33.3 IR
17 16.7 33.3 | 333 16.7
18 16.7 | 333 | 333 16.7
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antennae (a)
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elytrae (e)
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pronotum (p)

antennae (a)

Component 1

head (h)

Fig. 5 First and second components of Partial Least Squares
Discriminant Analysis (PLSDA) of Duvalius morphological charac-
ters. Numbers within circles represent collection sites (see Fig. 1).
Standard deviation of component values are reported for each
sampling location. Double arrows indicate the positive and negative
contributions of PCs and body size to PLSDA components. Variations

Apuan Alps include three genetically similar but morpho-
logically and geographically distinct populations of
D. a. apuanus (caves 1-3), which should be considered as
separate units for conservation. Similarly, D. a. lanzai,
although genetically similar to the D. a. apuanus populations
from the northwestern Apuan Alps, represents an important
unit for conservation on both morphological and geograph-
ical grounds. D. apuanus intermedius from cave 8 and
D. a. rasettii represent two distinct taxa, but no clear dis-
tinction advocates assignment of the two D. a. rasettii pop-
ulations northwest of the Lucca mountains (caves 9, 10) to
separate units for conservation. A similar conclusion can be
drawn for D. jureceki jureceki from cave 11 and the two
populations of D. j. maginianus (caves 12, 13), respectively.
Individuals of D. minozzii bernii from cave 19 represent a
clear unit for conservation on genetic, morphological and
geographical basis. Finally, the geographically and mor-
phologically distinct population of D. andreinii from cave 20
in the northwestern Apennine and D. minozzii minozzii from
cave 14 both represent separate units worth conservation
efforts. On the other hand, no clear morphological and/or
genetic divergence support distinct conservation of specific
D. minozzii populations from caves 15 to 18.

The rarity and limited distribution of species and the very
particular morphological and physiological adaptations that
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in character shapes are shown in thinplate spline deformation grides.
Antennae variation in elongation; Pronotum relative warp represent-
ing front to rear compression of the pronotum; Elytrae position of
frontal setae relative to lateral setae; Head relative warp representing
overall elongation of the head

allow successful colonization of the hypogean environment,
make cave beetles populations particularly susceptible to
habitat changes (Culver 1970; Slaney and Weinstein 1997).
Caves, as islands, are in fact isolated environments lacking a
rescue effect (Reboleira et al. 2011). Major threats to cave
ecosystems include destruction of karsts by quarrying,
alteration of groundwater flow, pollution, removal of food
sources, disturbance during exploratory visits and excessive
sampling of specimens (Reboleira et al. 2011). Compre-
hensive knowledge on the distribution and level of isolation
of hypogean Carabidae is therefore important for devising
effective protection plans. Large areas of the northern Ital-
ian Apennines are protected by law. However, only eight
out of 21 sites considered in this study are currently part of
protected regional or national reserves. Populations from
cave number 3, 7 and 14, assigned to D. apuanus apuanus,
D. a. lanzai and D. minozzii, respectively, are all located
outside of protected areas but show clear individualistic
traits thus deserving conservation efforts. In Tuscany and
Emilia-Romagna, protection enforcement for many insect
groups, including the genus Duvalius is sometimes hindered
by difficulties in providing comprehensive, updated infor-
mation on sites harbouring distinct taxa or significant units
for conservation. Our study provides an example on how the
integration of molecular and morphometric analyses can
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help improving the knowledge on specific patterns of insect
biodiversity and advocates the importance of devoting
protection efforts to networks of cave ecosystems (Sharratt
et al. 2000).
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